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1 INTRODUCTION 
In subatomic particle detection, it is important that structural members have a minimal 
effect on the trajectory of the particles. Since every piece of material acts as a barrier in which 
particles are decelerated (defined in a material constant called radiation length), the amount 
of material that can be traversed has to be minimised. Since all particles originate from a 
single point source, the problem can be written in terms of an averaged traversed path.  
In shell-like structures, the thickness distribution determines the average traversed path, 
which must be minimised. Therefore, the process of superplastic forming seems an 
appropriate way of manufacturing some of these parts. In order to use superplasticity in an FE 
program, an accurate constitutive model is necessary. The FE thickness results serve as a 
basis to determine per element the average traversed path. Combined with the element view 
factor, a percentual radiation length can be calculated for the whole part. 
2 SUPERPLASTICITY 
Superplastic materials exhibit very high plastic strains before failure, generally in the order 
of more than 100%. Failure of superplastic materials is preceded by cavity initiation, growth 
and coalescence at high plastic strains. Experiments are necessary to obtain the stress-strain 
behaviour in the superplastic regime of the material. A simple relationship is one in which the 
flow stress is dependent on the strain rate only: 
mKεσ &=y  (1)
The value of the strain rate sensitivity m is roughly 0.7 at the optimal strain rate for 
superplasticity. To perform accurate FE simulations on superplastic forming, a more detailed 
material model is necessary, in this case it is chosen to build the model up of three parts: 
initial flow stress determination, hardening evolution and softening. 
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2.1 Initial flow stress 
Equation (1) does not account for strain hardening. This relation can be used in a limited 
range of strain rates around the optimum, m is not constant. In fact, m depends on the strain 
rate and can be visualised in a plot showing log(σy) versus log( ε& ), which is close to a 
sigmoidal curve. This curve has an inflection point, at which the slope m is at a maximum. 
Experiments on an 5083 aluminium alloy type resulted in the curve shown in Figure 1, four 
parameters a, b, c and d describe the initial flow stress: 
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Figure 1: (a) Experimental stress-strain values fitted by a sigmoidal curve, (b) strain rate sensitivity m 
2.2 Strain hardening 
Equations (1) and (2) do not account for strain hardening. In a simplified situation it can be 
said that hardening will not take place if the grains do not grow. In this phenomenological 
material model, grain growth1 will be responsible for strain hardening, which is dependent on 
the strain, and the strain rate. The strain hardening can be expressed in terms of the initial 
flow stress multiplied by a factor which, in combination with a parameter k, can be multiplied 
with the value of the initial flow stress, to refine the model: 
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2.3 Softening 
With increasing plastic strain, internal cavities will initiate and grow, Figure 2 shows three 
pictures with the material containing cavities for three increasing values of the strain. The 
overall cavity volume fraction is determined by the sum of two effects, initiation and growth2. 
An increase in the void volume fraction ξ adds a softening behaviour into the material’s 
constitutive behaviour that can phenomenologically be described as 
( ) 321dcav 1 nnn ξσσ −=  (3)
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Figure 2: Cavity formation at increasing plastic strains 
Cavity coalescence can be interpreted as the onset of fracture in the material, leading to 
failure. In the literature, several viewpoints are mentioned: a coalescence condition can be 
defined by a critical value3 σcr or ξcr  for which a value of 0.15 is suggested4. 
3 RADIATION LENGTH 
In order to calculate the percentual radiation length of the formed sheet, the output must 
contain element thickness and nodal displacement data. In case of linear shell elements with 
reduced integration, the thickness result is constant within an element. When the plastic 
strains are high, the cavity volume fraction can influence the percentual radiation length.  
3.1 Thickness distribution 
If the simulation uses full-integration linear elements, then the thickness distribution along 
the element is linear. Generally this leads to more accurate results in most simulations, but 
since the elements will distort heavily in superplastic forming simulations, shear locking can 
negatively infuence the results. Reduced-integration results in elements with constant 
thickness, but they are more accurate than the results from full integrated elements. 
3.2 Averaged traversed path 
The averaged traversed path through an element can be explained best in a one-
dimensional situation. Figure 3 shows this situation in case of an element with length l e which 
changes in thickness from t 0 to t l. This change in thickness can be explained as a thickness 
change resulting from full-integrated elements, or from averaged nodal results from reduced-
integration elements. A ray emerging from point IP through the element at angle θ  results in a 
traversing path of t(θ). The average traversed path through the element can then be defined as 
( )∫
=
=
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θθα
0
1 dtp)  (4)
 
If the coordinates of the interaction point IP and the nodal coordinates are known from 
simulation, then an analytical solution can be found. Numerical integration is necessary, a 
calculation showed that (in two dimensions) the element may be rotated such that its normal 
points towards the interaction point, without considerably affecting the averaged traversed 
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path; also the numerical integration has to be carried out with four Gauss integration points in 
case of quadrilateral elements. This procedure gives accurate results if the distance from IP to 
the element center is more than twice the element dimensions. 
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Figure 3: Visualisation of the traversed path t(θ) 
3.3 Determination of the radiation length 
To determine the percentual radiation length, the average traversed path has to be 
multiplied with the rotated element view factor5 and divided by the material radiation length. 
The calculation of the radiation length by means of the average traversed path as described in 
the previous section is carried out by a FORTRAN program which reads the thickness results  
and the nodal coordinates of the output data file. A summation over all elements results in the 
percentual radiation length of the analysed part. This number is very important in structures 
where measurements are carried out involving subatomic particles. 
4 FUTURE WORK 
The establishment of the material constitutive behaviour is necessary in order to optimise 
superplastically formed sheets with respect to radiation length. An important constraint is the 
gas tightness of the sheet, which means that internal cavities are allowed to occur, but may not 
coalesce, this can lead to serious gas leaks through the shee thickness. 
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